The most ideal conditions for preparing activated carbon from grapefruit peel (GPAC) were studied using NH 4 H 2 PO 4 as a chemical activating agent and the obtained material was characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR) and BrunauerEmmett-Teller (BET) analysis. The adsorption capacity of the resulting material has been checked using three phenolic compounds (pyrocatechol (CA), 4-chlorophenol (4-CP) and 2,4-dichlorophenol (2,4-DCP)). The adsorption characteristics of phenolic compounds from aqueous solution by GPAC have been investigated as a function of contact time, pH, initial concentration and temperature. The equilibrium experimental data fitted well with Freundlich and Koble-Corrigan isotherms. The adsorption of the three phenolic compounds on GPAC fitted well with pseudo-second-order kinetic model. Different thermodynamic parameters were also evaluated and it was found that the adsorption was spontaneous, feasible and endothermic in nature. Adsorbents were regenerated by 0.1 mol/L NaOH and GPAC could be reused in phenolic compounds removal.
INTRODUCTION
Phenolic compounds, including a wide variety of organic chemicals, are the most common water pollutants. The major sources of phenol pollution are waste waters from paint, pesticide, coal conversion, polymeric resin, dyes, explosives, insecticides, petroleum and petrochemicals industries (Dabrowski et al. ) . Phenol can be generated by human activities and nature. Phenolic waste disposal into water not only affects human beings but also influences flora and fauna. Thus it is important to remove it for the sake of our health (Ahmaruzzaman ) .
Many conventional methods used to remove phenolic compounds from aqueous solutions include ion-exchange, solvent extraction, coagulation, chemical precipitation, adsorption and reverse osmosis (Dursun et al. ) . Adsorption is an effective method for the elimination of phenolic compounds from water and some commonly used adsorbents (Ahmaruzzaman & Sharma ) include natural minerals (Yousef et al. ; Dudziak & Werle ) , resins (Li et al. ; Lin & Rueyshin ) , activated carbon (Loredocancino et al. ) and so on. In recent years, many researchers have tried to produce low-cost activated carbons for removal of the pollutants using renewable and cheaper material which were mainly industrial and agricultural by-products (Mallampati et al. ) . Singh et al. prepared the activated carbon from waste Parthenium to remove p-cresol from aqueous solution (Singh et al. ) . Loredocancino et al. researched the adsorption and desorption of phenol using the barley huskactivated carbon (Loredocancino et al. ) . Prashanthakumar et al. investigated the removal of toxic phenolic compounds using porous carbon prepared from renewable biomass coconut spathe (Prashanthakumar et al. ) .
Grapefruit is the third most important citrus crop in the world, with approximately 4 million metric tons of world yearly output. A whole grapefruit comprises 44-54% peel. Production of grapefruit is high and large quantities of grapefruit peel is thrown away after consumption, resulting in waste of resources and an environmental problem (Chai et al. ) . Grapefruit peel contains several water soluble and insoluble monomers and polymers. These polymers are rich in carboxyl and hydroxyl functional groups, thus making it a potential adsorbent material for the removal of heavy metals or dyes from aqueous solutions (Torab-Mostaedi et al. ; Zou et al. b, c; Zhang et al. ) . To make use of this abundant waste as an adsorbent, it is proposed to transform it into activated carbon (Pei & Liu ; Huang et al. ) .
Activated carbons are generally prepared from agricultural by-products by physical or chemical activations. Recent works have demonstrated the possibility of developing activated carbon from grapefruit peel by chemical activation with NaOH or ZnCl 2 for the removal of dyes from aqueous solution (Pei & Liu ; Huang et al. ; Nowicki et al. ) . However, using NaOH as the activating agent could corrode the instruments and ZnCl 2 has harmful effects on the environment. Therefore, alternative chemicals which can be used as activating agents have received increasing attention in recent years. There is little information about the feasibility of preparing activated carbon with ammonium phosphates activation, such as NH 4 H 2 PO 4 . The NH 4 H 2 PO 4 is alkaline at low temperature and it can decompose into ammonia and pyrophosphate at 403 K. When the temperature is above 673 K, condensed phosphates are formed. At higher temperature, the reaction between the grapefruit peel and NH 4 H 2 PO 4 becomes more intense, which promotes the decomposition of grapefruit peel and develops the porous structure. In addition, the generated gas (NH 3 ) may have a significant effect on the formation of pores during the pyrolysis of grapefruit peel. For this reason, the main goal of this study was to prepare the low-cost carbonaceous adsorbents from grapefruit peel with NH 4 H 2 PO 4 activation.
The optimum activation conditions (such as impregnation times, activation temperatures and activator concentration) of grapefruit peel with NH 4 H 2 PO 4 were investigated to enhance the adsorption capacity for phenolic compounds (CA, 4-CP and 2,4-DCP) from aqueous solution. Influencing factors on grapefruit peel-based activated carbon (GPAC) adsorption, including contact time, temperature, pH, initial concentrations and surface property of the GPAC, were investigated. The adsorption mechanism of GPAC was discussed according to the kinetic experimental results.
MATERIALS AND METHODS

Adsorbates
All chemicals and reagents used in the study were of analytical grade. The stock solutions of 1,000 mg/L phenolic compounds were prepared by dissolving 1 g of each adsorbate in a 1 L volumetric flask and then diluting appropriately with distilled water to prepare the working solutions. The initial pH of the working solution was adjusted by addition of HCl and NaOH solution.
Adsorbents preparation
Grapefruit peel was crushed to a size of 0.5 cm, washed with distilled water and dried. The dried grapefruit peel was impregnated in NH 4 H 2 PO 4 solution in a weight ratio of 1:10 for 2 h, 5 h, 10 h and 15 h at room temperature. The mass percentage concentration of NH 4 H 2 PO 4 was 5%, 10%, 20% and 30%, respectively. The immersed samples were then dried at 373 K for 8 h. The pretreated precursors were heated up to 573-1,073 K for 1 h in a tubular furnace under the protection of nitrogen to obtain carbonized materials. The activation products were washed thoroughly with deionized water until the activated carbon became neutral. The samples were dried at 348 K for 2 h and sieved into uniform granules of 0.9-0.42 mm for further use.
Characterization of GPAC
The Fourier transform infrared spectroscopy (FTIR) was recorded on a PE-1710 FTIR spectrometer in the range of 400-4,000 cm À1 with KBr pellets. The surface morphology of grapefruit peel and GPAC were observed by scanning electron microscopy (SEM) (JEOL JSM-7500F). The specific surface area and pore structural parameters of GPAC were assessed by nitrogen adsorption-desorption analysis (NOVA4200e, Quantachrome). Zero point of charge (pH pzc ) of GPAC was determined using the method described by Moreno-Castilla et al. (Moreno-Castilla et al. ) .
Adsorption experiments
The effect of initial pH on the removal of phenolic compounds was analyzed in the pH range of 2-12. The initial concentration of the three phenolic compounds was 4 mmol/L. Equilibrium and kinetic experiments were carried out at initial pH 5.0. The equilibrium studies were performed by adding 0.01 g of GPAC and 10 mL of CA, 4-CP or 2,4-DCP solutions (2-8 mmol/L) to the Erlenmeyer flasks. The flasks were agitated in a mechanical shaker (120 rpm) until equilibrium was reached. Kinetic studies were performed by adding 0.01 g of GPAC into flasks containing 10 mL of CA, 4-CP or 2,4-DCP solutions of known initial concentration. Distilled water was used as a blank solution. Residual concentration of CA, 4-CP and 2,4-DCP solutions were measured by visible spectrophotometry using a UV spectrophotometer (Shimadzu UV-3000) at λ max of 275, 279 and 286 nm, respectively. All the adsorption experiments were performed in duplicate. The adsorption capacity of GPAC for phenolic compounds was calculated using the following equations:
where q t and q e are the adsorption capacity of phenolic compounds at time t and equilibrium (mmol/g), respectively. C i is the initial concentration of solutions for phenolic compounds (mmol/L). C t and C e are the liquid-phase concentrations of phenolic compounds at time t and equilibrium (mmol/L), respectively. V is the volume of solutions for phenolic compounds (L) and m is the weight of GPAC (g).
Desorption tests
In order to determine the reusability of GPAC, consecutive adsorption-desorption cycles were repeated three times. In this study, 0.1 mol/L NaOH solution was used as the desorbing agent. The GPAC loaded with CA, 4-CP or 2,4-DCP was placed in the conical flasks and was constantly stirred on a rotatory shaker (100 rpm) for 480 min at 298 K. After each cycle of adsorption and desorption, the adsorbent was washed with distilled water and reconditioned for adsorption in the succeeding cycle.
RESULTS AND DISCUSSION
Optimum conditions for the prepared GPAC used for the adsorption of phenolic compounds
Effect of impregnated time on GPAC properties
The effect of impregnated time on the adsorption of phenolic compounds by GPAC was studied at room temperature. The initial concentration of CA, 4-CP or 2,4-DCP was 2 mmol/L. With the increase in impregnated time from 2 h to 15 h, the adsorption capacities of GPAC for CA, 4-CP and 2,4-DCP increased from 0.30, 0.40 and 0.81 mmol/g to 0.40, 0.60 and 1.15 mmol/g, respectively. When the impregnated time was 5 h, the adsorption capacities of GPAC for CA, 4-CP and 2,4-DCP reached 0.396, 0.598 and 1.148 mmol/g, respectively. It was observed that adsorption capacities were not obvious when impregnated time was more than 5 h. In other words, activated carbon with higher adsorption capacity was obtained at impregnated time of 5 h.
Effect of activation temperature
The activation of an impregnated material further accelerates thermal degradation and the volatilization process. This leads to the development of pores and an increase in surface area. Activation temperature affects both the BET surface area and the development of micropore/mesopore. It showed that the adsorption capacity of CA, 4-CP or 2,4-DCP increased with increasing activation temperature from 573 to 873 K. This phenomenon suggested that the light constituents or volatile compounds in grapefruit peel were released with the increase of activation temperature leading to the development of more pores and adsorption sites. Another reason may be related to the pyrolysis of grapefruit peel-NH 4 H 2 PO 4 . The generated gas (NH 3 ) may have a significant effect on the formation of pores, especially for micropores. However, the adsorption capacity of GPAC was decreased with the activation temperature increasing from 873 K to 1,073 K. It may induce shrinkage in the structure of GPAC, resulting in the reduction of surface area and total pore volume.
Effect of NH 4 H 2 PO 4 concentration on GPAC properties
The important factor for the development of porosity in activated carbon is the activator concentration. This study showed that the adsorption capacity of phenolic compounds on GPAC increased as the activator concentration increased from 5% to 30%. The higher concentration of NH 4 H 2 PO 4 can produce larger quantities of NH 3 and H 3 PO 4 , which increased specific surface area and the sites of adsorption. However, the increase of the adsorption capacity is not significant when the NH 4 H 2 PO 4 concentration was between 20% and 30%, which indicated that there no more pores were formatted by the extra NH 4 H 2 PO 4 .
Characterization of GPAC
FTIR analysis
The FTIR spectra of GPAC and GPAC-adsorbed CA, 4-CP or 2,4-DCP is shown in Figure 1 . The broad absorption band at around 3,400-2,400 cm À1 could be assigned to the stretching vibration of hydroxyl functional groups. 
SEM of GPAC
The SEM micrographs of grapefruit peel and GPAC are presented in Figure 2 . The texture of the grapefruit peel was fairly coarse with less cracks and voids, and the activated carbon surface was composed of pores with a tunnel shape and overall honeycomb structure. In the process of chemical activation, the raw grapefruit peel was impregnated by NH 4 H 2 PO 4 . The impregnated grapefruit peel is . The porous structures increased the specific surface area of GPAC. The pore size distributions of GPAC show that a vast majority of the pores fall into the range of mesopore (3-50 nm).
Adsorption studies
The adsorption capacity of GPAC for phenolic compounds depends on the nature of both the adsorbent (such as pore structure, functional groups) and adsorbate (such as its pK a , functional groups, polarity, molecular weight and size). The adsorption capacity of GPAC depends also on the solution conditions such as pH, the adsorbate concentration, ionic strength and temperature.
Effect of pH
The pH pzc of an adsorbent is a very important characteristic. The pH pzc of GPAC was evaluated to be 4.10, indicating the surface is positively charged at pH < 4.10 and negatively charged at pH > 4.10. The initial pH value of a solution is one of the most important factors influencing phenolic compound adsorption. Figure 3 shows the different pH behavior of the GPAC for CA, 4-CP and 2,4-DCP removal. It can be seen that the pH value of solution has small influence on the adsorption capacity in the pH range of 2-7. However, with increasing pH value from 7 to 11, the value of q e obviously decreased. For example, the adsorption uptake of 2,4-DCP onto GPAC increased slightly with the solution pH increasing from 2 to 5 and then decreased sharply with the increase of pH from 5 to 11. The pK a value for 2,4-DCP is 7.7, indicating adsorbing species were mostly non-ionized. The electrostatic attraction improved with the decreasing number of H þ when the solution pH was between 2 and 5. With the increase of pH from 5 to 11, electrostatic repulsion between the surface of GPAC and the anionic phenolate results in the decreasing of adsorption capacity. In addition, phenolate anions with greater solubility can form a stronger bond with water molecules, which decreased the hydrophobicity of chlorophenols. Thus, the adsorption capacity of phenolic compounds on GPAC decreased sharply under alkaline conditions (Basar ).
The maximum adsorption capacity for CA onto GPAC was obtained at pH 9. The adsorption capacities increased slightly with the pH increasing from 2 to 9 and then slightly decreased with the pH increasing from 9 to 11. The result suggested that a hydrogen bond may exist between the CA and hydroxy or amino group contained in GPAC. 
Adsorption kinetic
The controlling mechanism of the adsorption process was investigated by fitting the experimental data with the pseudo-first-order kinetic model (Equation (3)), pseudosecond-order kinetic model (Equation (4)) and intraparticle diffusion model (Equation (5)).
where q e and q t are the adsorption capacity at equilibrium and at any time t, respectively (mmol/g); k 1 and k 2 is the rate constant of pseudo-first-order model (min
) and pseudo-second-order model (g/mmol·min), respectively. k id is the intraparticle diffusion rate constant (g/mmol·min 1/2 ) and C is a constant that provides information regarding the thickness of the boundary layer. The relative parameters are listed in Table 1 and the fitted curves are depicted in Figure 4 . It can be seen from Table 1 that the higher values of R 2 and lower values of SSE showed that the pseudo-second-order model was better for predicting the kinetic process. The results indicated that the adsorption process of CA, 4-CP and 2,4-DCP onto GPAC included chemisorption. Figure 4 (a) typically illustrates the comparison between the calculated and measured results for the adsorption of phenolic compounds on GPAC. The calculated values of equilibrium adsorption capacity obtained from the pseudo-second-order model for CA, 4-CP and 2,4-DCP were 0.651, 1.060 and 1.639 mmol/g, respectively. The removal efficiency is in the order of 2,4-DCP > 4-CP > CA. It is known that the adsorption capacity of GPAC depends on the solubility of the phenolic compounds and the hydrophobicity of the substituent. Weber and Morris showed the fractional uptake of the adsorbate was a function of square root of time t 1/2 rather than time t (Weber & Morris ; Kumar ). On this basis, the intraparticle diffusion model (Figure 4(b) ) was used to investigate the mechanisms and rate-controlling steps affecting the kinetics of adsorption (Basar ) . The low values of SD indicated the linear model was well fitted. The intraparticle diffusion model showed the characteristics of multi-linearity, indicating that two steps take place during the adsorption process. The first portion of the plots, attributed to the diffusion of phenolic compounds from the solution to the exterior surface of GPAC, was fastest. After the exterior surface reached saturation, the molecules of phenolic compounds entered into the pores of GPAC and were adsorbed by the interior surface of the adsorbents. It can be seen that the plot did not pass through the origin, indicating the intraparticle diffusion was not the only rate-controlling step. The C value represented the thickness of boundary layer and can be determined from the intercept of the linear plots. Table 1 indicates that the order of adsorption rate is k id1 (2,4-DCP) > k id1 (4-CP) > k id1 (CA). Meanwhile, the same order was observed for the values of k id2 . This suggests that the solubility and the hydrophobicity affects the diffusion rate of phenolic compounds from solution to the hydrophobic surfaces of GPAC.
Adsorption equilibrium
The effect of the equilibrium concentration of CA, 4-CP and 2,4-DCP on the values of q e is shown in Figure 5 . The values 
of q e increased with increasing phenolic compounds concentration. The phenolic compounds concentration provided the necessary driving force to overcome the resistances to the mass transfer of adsorbents between the aqueous and solid phases. The increase in phenolic compounds concentration also enhanced the interaction between adsorbates and GPAC. Therefore, an increase in adsorbates concentration enhanced the adsorption uptake of phenolic compounds. It can be also found that the adsorption capacities of three phenolic compounds on GPAC increased with the increasing number of Cl atoms. The ÀOH in phenolic compounds can form hydrogen bonds with ÀOH, ÀNH 2 and ÀCOOH in GPAC. For the three phenolic compounds, the adsorption capacity of CA is the minimum, which is due to the formation of intramolecular hydrogen bonds. C-Cl of chlorophenol bond length is shorter, which leads to low solubility in water and is easily adsorbed by GPAC.
Equilibrium data is significant for the design of an adsorption system. In this work, the Langmuir isotherm model (Equation (6)), Freundlich model (Equation (7)), Koble-Corrigan model (Equation (8)) and Temkin isotherm model (Equation (9)) were applied to describe the adsorption equilibrium.
where q m and q e is the maximum adsorption capacity and equilibrium absorption capacity (mmol/g), respectively; K L is a Langmuir constant related to the affinity of the binding sites and energy of adsorption (L/mmol); K F and 1/n are the Freundlich constants related to the adsorption capacity and adsorption intensity of the adsorbent, respectively. The Koble-Corrigan model is a three-parameters equation for equilibrium adsorption data. It is a combination of the Langmuir and Freundlich isotherm models. Values of A T and B T are the constant of Temkin isotherm model. The parameters of the four models calculated on the basis of Equations (6)- (9) are listed in Table 2 . The fitted curves at 298 K are also shown in Figure 5 . From Table 2, it can be seen that the regression coefficient obtained from the Freundlich, Koble-Corrigan and Temkin isotherms are higher than those obtained from the Langmuir isotherm. Furthermore, the values of SSE were lower, which suggests that the Freundlich, Koble-Corrigan and Temkin models provided the better fit for the adsorption of phenolic compounds on GPAC than Langmuir model. The higher R 2 of the Koble-Corrigan model indicated a combination between heterogeneous and homogeneous adsorption of phenolic compounds. The values of 1/n in the Freundlich model between 0 and 1 are beneficial for adsorption phenolic compounds (Chowdhury et al. ) . This result shows the multilayer coverage of adsorbate molecules on the surface of GPAC facilitated by heterogeneous sites present at the surface of sorbent (Gautam et al. ) . The value of q m obtained from the Langmuir isotherm of CA, 4-CP and 2,4-DCP is 1.144, 1.677 and 2.117 mmol/g at 298 K, respectively. From Table 2 , it can be seen that the maximum adsorption capacity of GPAC (q m ) increased with the increasing of temperature from 298 K to 318 K. This result indicated that GPAC had a relatively stronger affinity for 2,4-DCP than CA and 4-CP, and the order of affinity was as follows: 2,4-DCP > 4-CP > CA. This result is also consistent with the foregoing conclusion derived from the kinetic model. In water, 4-CP strongly interacts with water by hydrogen bonding and is not significantly attracted to the hydrophobic surfaces of GPAC. Compared with 4-CP, 2,4-DCP interacts more weakly with water and is significantly attracted to the hydrophobic surfaces of GPAC. CA possess both very high water solubility and intramolecular hydrogen bond and thus is adsorbed by GPAC to a lower extent than 2,4-DCP and 4-CP. Therefore, 2,4-DCP with more hydrophobic group and lower solubility showed more intense adsorption onto GPAC than 4-CP and CA. The comparison of adsorption uptake of phenolic compounds onto different materials is shown in Table 3 . This indicates that the GPAC was a promising adsorbent to remove the phenolic compounds. 
Estimation of thermodynamic parameters
To study the thermodynamics of adsorption for CA, 4-CP and 2,4-DCP on GPAC, thermodynamic constants such as enthalpy change ΔH, free energy change ΔG and entropy change ΔS were calculated using equations described in our earlier work (Zou et al. a) . The values of ΔG, ΔH and ΔS are presented in Table 4 . The negative ΔG values indicated thermodynamically feasible and spontaneous nature of the adsorption. In addition, the negative values of ΔG decreased with the increasing temperature, indicating that adsorption of phenolic compounds onto GPAC becomes more favorable at higher temperatures. The positive value of ΔH showed the endothermic nature for the adsorption process.
It is known that a large proportion of the active sites of the GPAC would be occupied by water molecules via hydrogen bonds. Because the molecular size of phenolic compound is larger than that of water, one phenolic compound molecule adsorbed on active sites would replace more than one surface water molecule. The phenolic compound molecule adsorbed on adsorbents therefore released energy that was not strong enough to overcome the strong hydrogen bonding between the water molecules and adsorbents. The overall adsorption reaction absorbs energy from the surrounding solution, which yields an endothermic reaction (Eren & Afsin ) . The positive value of ΔS reveals that the randomness of the solid-solution interface increased during the fixation of CA, 4-CP and 2,4-DCP on the active sites of GPAC.
Regeneration
Regeneration of spent adsorbent and recovery of adsorbate would make the treatment process economical. It may decrease the process cost and the dependency of the process on a continuous adsorbent supply. In this study, the solution of 0.10 mol/L NaOH was studies as a renewable adsorbent. The results illustrated the removal rate of CA, 4-CP and 2,4-DCP reduced after three adsorption-desorption cycles and reached 69.4%, 83.8% and 78.2%, respectively. The percentage of consumption for GPAC was less than 10% after three adsorption-desorption cycles. The complex reactions between phenolic compounds and GPAC may be responsible for the incomplete desorption. Considering the excellent adsorption capacity, small dosage and low cost, the GPAC is still a better choice to remove phenolic compounds in wastewaters.
CONCLUSION
The present study shows that the GPAC prepared from grapefruit peel can be used as an adsorbent for the removal of phenolic compounds from aqueous solutions. The physical properties, surface chemistry and adsorption capacities of activated carbons were comprehensively studied. Adsorption kinetic behavior of CA, 4-CP and 2,4-DCP onto the GPAC was well described by the pseudosecond-order model. The result implies that the adsorption process may be a chemical process. The Freundlich and Koble-Corrigan models were suitable to interpret the adsorption phenomenon of the GPAC and the results implied the adsorption of phenolic compounds on GPAC is heterogeneous. The thermodynamic study indicated that 
